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Image reconstruction through turbid media under
a transmission-mode microscope
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Abstract. In this paper, image enhancement and reconstruction
through a turbid medium by utilizing polarization gating and math-
ematical image reconstruction methods in a microscopic imaging sys-
tem are investigated. A Monte Carlo simulation model based on Mie
theory and the concept of the effective point spread function (EPSF) is
adopted to study image formation under a transmission-mode micro-
scope. The results show that polarization gating methods, and particu-
larly the differential polarization gating method, can be efficient in
suppressing highly scattered light, which leads to a significant en-
hancement of image quality. An image reconstruction method based
on the concept of the EPSF is demonstrated to be efficient in further
improving image quality. © 2002 Society of Photo-Optical Instrumentation Engi-
neers. [DOI: 10.1117/1.1483319]
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1 Introduction
Deep tissue imaging has been the focus of the medical imag
ing world throughout the past decade. The main difficulty
involved in imaging through tissue-like turbid media is the
multiple scattering effect which greatly degrades the imaging
quality. Multiple scattering in a turbid medium causes the
randomization of the direction, coherence, and polarization
state of an incident light.1,2 Therefore, optical gating methods,
such as coherence gating methods,3 time gating methods,4 po-
larization gating methods,5–7 confocal microscopy,8 and other
angle gating methods,9,10 have been proposed and imple-
mented to suppress highly scattered photons. Although optica
gating methods have been proven to be efficient in suppres
ing highly scattered photons and achieved a significant im
provement in image resolution, there are fundamental limita
tions of all the optical gating methods. Due to the fact that
only a negligible amount of ballistic and least scattered pho
tons propagate through a thick tissue sample, the signa
strength after utilizing optical gating methods may be insuffi-
cient to form a high quality image due to the removal of a
large amount of highly scattered photons. Under such circum
stances, the inverse approach which involves mathematic
image processing should be introduced to further improve im
age resolution.

With the recent development of the effective point spread
function ~EPSF!,11 image reconstruction based on deconvolu-
tion methods can be used to restore image resolution. In th
paper, we will demonstrate the efficiency of combined optica
gating and image reconstruction methods in improving image
quality. It has been proven that polarization gating methods
are efficient in improving image resolution in a reflection-
mode microscopic imaging system.12 Therefore, we use polar-
ization gating methods and image reconstruction in a
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transmission-mode scanning microscope as an example.
This paper is organized as follows. The EPSF under diff

ent polarization gating methods is investigated in Sec. 2
Sec. 3, image resolution of an edge embedded in a tu
medium is evaluated for different polarization gating me
ods. Section 3 also shows the trade-off between sig
strength and image resolution. Image reconstruction is d
onstrated in Sec. 4.

2 EPSF Under Polarization Gating Methods
The Monte Carlo simulation method we have developed
microscopic imaging through turbid media is based on M
scattering theory13,14 and geometric optics. To consider th
depolarization of an incident beam propagating through a
bid medium, the Stokes vector method13,14 can be imple-
mented into the Monte Carlo simulation program. For th
purpose, in addition to the spatial coordinatesx, y, z, and
angular coordinatesu andw, that are used to trace the positio
and direction of each photon, the Stokes vector is calcula
after each scattering event. The detailed description of
simulation model has been reported elsewhere.12

Based on the concept of the EPSF, the image intensityI (r )
of a thin object can be modeled by the convolution of
object functiono(r ) and the EPSFh(r )11

I ~r !5E E
2`

`

h~r 8!o~r2r 8!dr 85h~r ! ^ 2o~r !, ~1!

where ^ 2 denotes the two-dimensional convolution proce
and r5(x,y) is the transverse coordinate. Forty million illu
mination photons have been used in the Monte Carlo sim
tion to ensure the accuracy of an EPSF for a transmiss
mode scanning optical microscope.

A schematic diagram of a transmission-mode scanning
croscope is shown in Figure 1.L1 andL2 are, respectively, the
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Fig. 1 A schematic diagram of a transmission-mode scanning optical microscope.
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illumination and detection objectives. A polarizerLP1 is
placed in the illumination path to produce a linearly polarized
beam, and an analyzerLP2 is placed in the detection path.
The degree of polarizationg of the light passing through a
turbid medium is defined as

g5
I p2I s

I p1I s
, ~2!

whereI p and I s are, respectively, the light intensity detected
with the analyzer parallel and perpendicular to the direction o
the polarizer.

Consider a turbid slab, illuminated by an objective~L1 in
Figure 1! of numerical aperture(NA) 0.25. Assume thatL1
andL2 are identical. The turbid medium consists of polysty-
rene beads(n51.59) suspended in water(n51.33). Two
types of polystyrene beads of diameters 0.35 and 0.48mm are
used as scattering particles in the turbid medium, respectivel
The anisotropy valuesg corresponding to 0.35 and 0.48mm
polystyrene beads are 0.72 and 0.81, respectively, for
He–Ne laser at wavelength 0.633mm.13,14 The scattering
mean free path lengthl s , is assumed to be 20mm for all cases
and the thickness of the turbid slab is considered as twice th
focal depthd. In this paper, theoretical modeling of image
.

formation under polarization gating method and image rec
struction of an object embedded in such a turbid medium
investigated in detail.

The degree of polarization as a function of focal depth
shown in Figure 2. It is noticed that for a turbid mediu
consisting of small scattering particles, the depolarization
the scattered light is faster than that for large scattering p
ticles. For example, at the depth of 100mm, the degree of
polarization drops to 9% and 28% for a turbid medium co
sisting of 0.35 and 0.48mm beads, respectively. The speed
depolarization is related to the anisotropy valueg, which re-
flects a directional change of photon propagation after e
scattering event. For small particles, the directional chang
a scattered photon is large at each scattering event due t
small value ofg, which results in a more significant change
the polarization state of the scattered light.

The EPSFs at the depth of 100mm in the medium consist-
ing of 0.48 mm beads under different polarization gatin
methods are shown in Figure 3. The results show an impro
ment of image resolution under polarization gating metho
The improvement is not only reflected on the narrowing of t
EPSF under polarization gating methods, but also the sig
cant reduction of the tail of the EPSF, which indicates

Fig. 3 EPSF at the focal depth d of 100mm in a turbid medium con-
sisting of 0.48 mm beads.
Fig. 2 Degree of polarization g as a function of the focal depth d.
Journal of Biomedical Optics d July 2002 d Vol. 7 No. 3 373
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Fig. 4 Image resolution as a function of the focal depth d for an edge
embedded in a turbid medium consisting of 0.48 mm beads.
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efficient suppression of highly scattered photons. It should
also be pointed out that the improvement is particularly sig-
nificant under the differential polarization gating method.

3 Image Resolution and Signal Level with
Polarization Gating Methods
In order to characterize image resolution, we assume that
high absorption edge object is embedded in the middle of
scattering slab scanned in thex direction. From the image
intensity of the sharp absorption edge, the transverse resol
tion, G, is defined as the distance between the 90% and 10%
intensity points.12

The transverse resolution as a function of the focal depth
in a medium consisting of 0.48mm beads is illustrated in
Figure 4 for different polarization gating methods.Gp andGs
are, respectively, the transverse resolution obtained with th
analyzer parallel and perpendicular to the polarizer.Gp2s and
Gp1s are, respectively, the transverse resolution obtained wit
the differential polarization gating method and without any
polarization gating method. It is shown thatGp2s is better
than Gp and that the differential polarization gating method
offers the highest resolution among all. This feature can be
understood from the difference in the degree of polarization
between unscattered and scattered photons. Since unscatte
and/or less scattered photons have a higher degree of pola
ization than multiply scattered photons~Figure 2!, more con-
tribution from these photons can be ensured in forming an
image through the use of the polarization gating methods. Th
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weighting of the scattered photons can be reduced accordi
by utilizing polarization gating methods, which leads to hi
resolution when the parallel and differential polarization g
ing methods are used~Figure 4!. It is noticed from Figure 4
that the difference of transverse resolution betweenGp and
Gs , under two polarization statesp and s, decreases with
increasing the focus depthd. When g→0, the two curves
representingGp andGs move toward each other. Because
the difference of the transverse resolution between the
orthogonal states of polarization becomes less pronoun
the resolution improvement by utilizing polarization gatin
methods becomes less effective.

The transverse resolution as a function of the focal de
in a medium consisting of 0.35mm beads is illustrated in
Figure 5. The improvement of the transverse resolution un
polarization gating methods is similar to what has been de
onstrated in a turbid medium with large scatterers~Figure 4!.
However, it is noticed that the differential polarization gatin
method is only valid up to the focal depth of 120mm. Be-
cause of the fast depolarization speed for small scatterers
collected signal at the focal depth larger than 120mm be-
comes totally unpolarized. Therefore, no differential ima
can be measured beyond this focal depth.

Figure 6 shows the dependence of the measured si

Fig. 6 Signal level as a function of the focal depth d in a turbid me-
dium consisting of 0.48 mm beads.
Fig. 5 Image resolution as a function of the focal depth d for an edge
embedded in a turbid medium consisting of 0.35 mm beads.
Fig. 7 Signal level as a function of the focal depth d in a turbid me-
dium consisting of 0.35 mm beads.
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Fig. 8 Reconstruction of images without polarization gating methods: (a) before restoration; (b) after 100 iterations; (c) after 200 iterations; (d) after
400 iterations.
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level on the sample thicknessd in a medium consisting of
0.48 mm beads under different polarization gating methods
The signal levelh has been normalized by the signal mea-
sured without the turbid medium(d50) and any polarization
gating methods. It is noticed that the reduction in the signa
level under parallel polarization gating is insignificant. How-
ever, the reduction in the signal level under differential polar-
ization becomes significant wheng→0, which indicates the
collect light becomes totally unpolarized. The signal level as a
function of the focal depthd for a turbid medium with small
scatterers~0.35mm beads! is illustrated in Figure 7. The com-
parison between Figures 6 and 7 shows that at a given foc
depth, the signal strength, especially the signal strength und
the differential polarization gating method, is lower in a turbid
medium with small scatterers. For example, at the focal dept
of 100mm, the signal strength is five times higher in a turbid
medium consisting of 0.48mm beads than that in a turbid
medium consisting of 0.35mm beads. This is due to the faster
depolarization effect in a turbid medium with smaller scatter-
ers.

4 Image Reconstruction with Polarization
Gating Methods
As shown in the last sections, polarization gating methods ca
play an important role in microscopic imaging through turbid
media. However, there are some limitations of polarization
gating methods, for example, wheng→0, the improvement
by utilizing polarization gating methods becomes less pro
nounced. It has also been demonstrated that signal streng
can be insufficient if a significant amount of scattered photon
is removed. It is worthwhile to discuss the role of scattered
photons. Are multiple scattered photons merely noise an
make no positive contribution in building an image? The sta-
tistical analysis of scattered photon distribution shows tha
scattered photons still carry information about embedded
l
r

h

objects.15 However, they are always treated as noise wh
high resolution is pursued. In a thick turbid medium, becau
of the nearly nonexistence of ballistic or least scattered p
tons, multiple scattered photons have to be taken into acc
in building up an image. This inevitably degrades the ima
resolution. Under this circumstance, the inverse approach~im-
age reconstruction! is regarded as the solution to the proble
Here we use the expectation-maximization~EM! algorithm
for maximum-likelihood image restoration.16 The most basic
form of the EM algorithm can be expressed as follows:17

I k~r !5h~r ! ^ 2sk~r !, ~3!

where I k(r ) and sk(r ) are, respectively, the image intensi
and the estimated object function atkth iteration. The initial
estimated object functions0(r ) used in the deconvolution pro
cess is the original image. The predicated image inten
I k(r ) is compared with the recorded image intensity

dk~r !5I ~r !/I k~r !. ~4!

The ratiodk(r ) is then projected back to the object spa
with a normalization factorH(0)

r k~r !5h~2r ! ^ 2dk~r !/H~0!, ~5!

wherer k(r ) is a correction factor, and the normalization fa
tor H(0) is derived as the two-dimensional integration of t
EPSF. The estimated image intensity of the next iteration
be derived as

I k11~r !5I k~r !3r k~r !. ~6!

Here we design an object which consists of three rin
Each ring has an outer radius of 20mm and an inner radius o
15 mm. Such an object emulates a biological cell cluster, a
the deconvolution process of this object is demonstrated
Fig. 9 Reconstruction of images under parallel polarization gating methods: (a) before restoration; (b) after 100 iterations; (c) after 200 iterations; (d)
after 400 iterations.
Journal of Biomedical Optics d July 2002 d Vol. 7 No. 3 375
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Fig. 10 Reconstruction of images under differential gating methods: (a) before restoration; (b) after 100 iterations; (c) after 200 iterations; (d) after
400 iterations.
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Figure 8. Here we use the image atd5120mm depth and
without any polarization gating method as an example. The
turbid medium consists of 0.48mm beads. Before the decon-
volution process, the image is blurred and the ring structure i
totally washed out by the blurring effect. It is shown that the
image resolution loss due to multiple scattering can be par
tially recovered through the image reconstruction process. Af
ter 200 iterations, the ring structure starts to re-emerge; how
ever, the ring structure is still quite blurred and the three ring
structures cannot be resolved from each other@Figure 8~b!#.
With more iterations, blurring on the ring structure becomes
less significant@Figures 8~c! and 8~d!#, and there is also a
slight indication of resolving three rings after 400 iterations
@Figure 8~d!#. It should be pointed out that the EPSF is not
only much broader compared with a normal PSF, but also ha
a significant tail that can affect the image formed~Figure 2!.
Therefore, the cutoff of the EPSF used for deconvolution pro
cess needs to be carefully determined.

The deconvolution process of this object under parallel and
differential polarization gating methods is shown in Figures 9
and 10, respectively. Because some scattered photons ha
been removed by the optical gating effect, the images befor
the deconvolvution process are better under parallel and di
ferential gating methods, with the best image produced unde
the differential gating method. Under the parallel polarization
gating method, the improvement in image quality is limited,
since the amount of scattered photons removed is insignifi
cant. Therefore the deconvolution process on the image re
corded under the parallel polarization gating method has
very similar effect compared with that without optical gating
methods. For example, the images after 100, 200, and 40
iterations are only slightly better, compared with those respec
tive images recorded without polarization gating methods
~Figure 9!.
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The combination of the differential polarization gating an
the image reconstruction methods produces the images
the best quality. It is noticed in Figure 10~a! that the three ring
structures can be vaguely identified even before the deco
lution process, which indicates that the image has been
proved significantly through the differential polarization ga
ing method, due to the removal of a large amount of hig
scattered photons. After only 100 iterations, each ring str
ture can be clearly identified@Figure 10~b!#. After 400 itera-
tions, not only can the three ring structure be resolved,
also the width of each ring becomes thinner and approac
its original width@Figure 10~d!#. This phenomenon shows tha
with the differential polarization gating method, the deconv
lution process can be more efficient.

The comparison of reconstructed images after 1000 ite
tions under different gating situations is shown in Figure 11
is demonstrated that with a stronger gating effect, the be
reconstructed images can be obtained. It is shown that
width of the rings in Figure 11~c! is only 6mm, which is close
to the actual width~5 mm! of the object. The comparison o
the images in Figure 11 and their respective images after
iterations shows that the images after 400 and 1000 iterat
are very similar in terms of the width of the rings. This ind
cates that the rate of convergence becomes significantly sm
and that the image will not be further improved through mo
iterations.

5 Conclusion
Polarization gating methods, including the parallel polariz
tion gating and differential polarization gating methods,
microscopic imaging through a turbid medium have be
studied in this paper. The results show that the polariza
gating methods, particularly the differential polarization g
Fig. 11 The comparison of reconstructed images after 1000 iterations: (a) without polarization gating methods; (b) under the parallel polarization
method; (c) under the differential polarization gating method.
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Image Reconstruction Through Turbid Media . . .
ing method, are efficient in improving image resolution. It is
also demonstrated that signal strength under differential pola
ization gating drops quickly when the collected signal be-
comes totally depolarized.

Another important result is that the combination of polar-
ization gating and image reconstruction methods offers a fur
ther improvement in image resolution. The differential polar-
ization gating method not only provides the best images
before the mathematical reconstruction, but also makes th
reconstruction process more efficient in recovering the loss o
imaging resolution.
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